The marine natural product zampanolide and analogs thereof constitute a new chemotype of taxoid site microtubule-stabilizing agents with a covalent mechanism of action. Zampanolideligated tubulin has the switch-activation loop (M-loop) 
INTRODUCTION
Microtubules are a component of the cytoskeleton that are formed by the non-covalent assembly of α,β-tubulin heterodimers. They are highly dynamic entities that undergo continuous polymerization and depolymerization. Microtubules are most dynamic in mitosis and angiogenesis; thus, they are one of the most successful molecular targets for anticancer therapy . Although taxanes have been highly successful in treating cancer, their low solubility, toxicity, and susceptibility to multiple drug resistance imposes serious limits on their use. Thus, there is a need for new MSAs that overcome these limitations. As a possible alternative, mitotic kinases have recently become attractive targets for anticancer drug development, given their essential role in mitosis. However, clinical data on these kinase inhibitors have not been encouraging, with many outcomes only characterized as 'stable disease 3 .
This is most likely due to up-regulation of other kinases or pathways to compensate for those inhibited by the drugs 4 . However, there are no cellular substructures other than microtubules that can segregate chromosomes.
Therefore, resistance to MSAs does not arise from activation of alternative pathways, but is mainly due to over-expression of efflux pumps 5 and the up-regulation of the βIII tubulin isoform 6 . In addition, microtubule targeting agents not only target mitotic cells but also 4 interphase cells by inhibiting, for example, such functions as microtubule trafficking 2 . Thus, microtubules continue to be one of the most attractive anticancer targets, especially since many newly developed MSAs are not substrates of the P-gp efflux pump and/or are not affected by upregulation of the βIII isoform of tubulin 7 . Furthermore, there are several covalent microtubuledestabilizing agents (MDAs) 8 and three MSAs that can overcome the overexpression of drug efflux pumps [9] [10] [11] due to covalent binding to tubulin. The latter would also be predicted not to be affected by changes in tubulin isotype expression. Covalent binding produces a prolonged interaction with the drug target even though residual, free drug is cleared from the system. This may lead to a more desirable clinical profile since less frequent dosing and lower drug concentrations can be used 12 . This concept, however, has not yet been clinically employed with drugs interacting with the tubulin/microtubule system.
(-)-Zampanolide ( Figure 1 ) is a marine macrolide that binds to the taxoid binding site on β-tubulin in a covalent fashion, in contrast to traditional MSAs, which are all reversible binders 10, 13, 14 . Covalent attachment of zampanolide to β-tubulin can occur at two specific amino acids, Asn228 and His229, but the major pathway involves reaction with the His229 side chain 10 , an important residue in the taxoid binding site 15, 16 .
To meet the quest for more effective drugs with a MSA mechanism of action, it is of utmost importance to understand the mechanism that these compounds use to stabilize microtubules. Two different mechanisms have been proposed to account for the stabilization effect of paclitaxel site ligands on microtubules. Prota et al 17 have observed that epothilone A or zampanolide binding to the site induces the structuring of the M-loop, an important secondary structural element involved in stabilization of the microtubule lattice by increasing lateral protofilament interactions 18 . The M-loops of both tubulin subunits in the dimer are thought to have a pre-disposition to form a helical structure, which is a prerequisite for efficient lateral contacts between protofilaments upon polymerization into microtubules 17 . The helical structuring of the M-loop is proposed to lower the energy needed for the curved-to-straight conformational change that occurs when tubulin is incorporated into the polymerizing microtubules. The binding of an MSA to the tubulin dimer either at the taxoid site or at the laulimalide/peloruside site 19 , which is distinct from the taxoid site, causes structural organization of the M-loop according to the requirements for microtubule assembly, promoting the incorporation of the dimer into the microtubule lattice. In this way, the presence of an MSA reduces the entropy loss compared to assembly in the absence of an MSA
17
.
As an alternative hypothesis, Amos and Löwe 20 and Nogales et al. 21 proposed that paclitaxel inhibits a series of destabilizing conformational changes in the microtubule that allosterically induce a conformation in β-tubulin that is similar to that of the GTP-bound state.
Using cryo-electron microscopy of dynamic microtubules and microtubules stabilized by GMPCPP (a slowly hydrolysable GTP analog) or by paclitaxel, it was determined that nucleotide hydrolysis leads to a compaction around the E-site at the longitudinal interfaces that is inhibited by paclitaxel. Moreover, no change was detected in the lateral interfaces, and thus it was proposed that the paclitaxel effect is exerted through the nucleotide site in the longitudinal region and requires signal transmission between both binding sites 21 . A more recent cryo-electron microscopy study of paclitaxel and zampanolide induced microtubules 22 indicates that binding of these drugs to 13-protofilament microtubules results in a similar modification in the flexibility of the lateral contacts of the protofilaments, both inducing lattice heterogeneity despite having different binding modes to the taxane pocket.
Although a conformational change at the lateral interface is clearly observed in the structures of zampanolide-ligated tubulin 17 , no changes or very minor changes are seen in the nucleotide binding site of the ligated dimer, nor is there a visible structural effect on the GTP and GDP bound to tubulin 17 . However, if binding to the taxane site exerts its effect through the longitudinal interface, it should somehow mimic the effect of the nucleotide in the longitudinal and lateral interfaces, facilitating the curved to straight transition. This structural effect on the microtubule could result from signal transmission between the paclitaxel site and the E-site.
In the present study, we investigated the biochemistry of the zampanolide-ligated, activated form of tubulin (termed the 'zampanolide-adduct') in order to obtain information about the changes in tubulin induced by the activation process.
RESULTS AND DISCUSSION
Oligomerization properties of the zampanolide-adduct: Analytical ultracentrifugation was used to determine the sedimentation velocity profiles of unmodified and zampanolidemodified tubulin (the zampanolide-adduct) under different conditions. Analytical (0.14 mM), a small proportion of oligomers was observed at 9
S, but again no significant differences were observed between the unmodified protein and the adduct, thus indicating that the binding of zampanolide had no notable effect on the longitudinal tubulin-tubulin interactions responsible for the early aggregation events ( Figure 1C ). Under conditions with moderate concentrations of free Mg
2+
(0.77 mM) and in the absence of zampanolide, tubulin dimers, a small proportion of tetramers, and some larger oligomers were observed. In contrast, with the zampanolide-adduct, the amount of free tubulin dramatically decreased, and the small oligomers disappeared, indicating that the adduct readily assembles into microtubules as is shown by electron microscopy under these conditions ( Figure 1D ). The same effect was seen (for unmodified tubulin) in the presence of excess epothilone B ( Figure 1E ). The data show that the zampanolide-adduct is more prone to polymerize into microtubules than unligated-tubulin, presumably due to the stabilization of the lateral interdimer contacts that are essential for microtubule formation from oligomers.
These findings were also confirmed in GDP buffer (Figure 2 ). At high Mg 2+ concentrations (3.31 mM free), the zampanolide-adduct assembled more readily than unmodified tubulin which is mainly in the form of dimers of dimers (tetramers), although other oligomers are observed both in the presence and in the absence of zampanolide. The binding constant for peloruside (K b ) with unmodified, stabilized microtubules at 25°C was found to be 4.0±0.3x10 6 M -1 (standard error of three independent measurements), which is similar to the values previously determined 26 . This affinity was not significantly different for zampanolide-modified, stabilized microtubules (Kb=3.1±0.4x10 6 M -1 ) (standard error of three independent measurements), thus indicating that the zampanolide modification had no effect on the structure of the laulimalide/peloruside site. a Highest shell statistics are in parentheses. b CC1/2= percentage of correlation between intensities from random half-datasets 58 . c As defined by MolProbity 56 . Figure 4AB ; Table 1 is formed by residues of strands S8, S9 and S10, loop T7, and helices H7 and H8 of β-tubulin, and loop T5 of α-tubulin ( Figure 4CD ). In the tubulin-MTC complex, the 2',3',4'-trimethoxyphenyl substituted A ring of MTC is buried in the pocket shaped by Cys241, Leu242, Leu248, Ala250, Leu255, Asn258, Met259, Ala316, Ile318, Ala354, and Ile378 ( Figure 4C ). The 2-methoxy substituted cycloheptatrien-1-one (C ring) of MTC is stacked between Asn258 and Lys352, and is further stabilized by hydrophobic interactions to Met259, Thr314, and Ala316, and by the T5 loop residues Ala180 and Val181. In Table 2 ). The effect is not due to an inactivation of the site, since the adduct incubated in 3.4 M glycerol, 10 mM sodium phosphate, 1 mM EDTA, 6 mM MgCl 2 , pH 6.7 plus 0.1 mM GTP (Gycerol Assembly Buffer (GAB)), with a high concentration of nucleotide (1 mM) is able to assemble into microtubules that contain nucleotide in the E-site (Table 2) , (In the absence of nucleotide, the empty adduct is unable to assemble, and addition of 1 mM GTP after the 30-min incubation at 37ºC does not restore the ability to assemble, suggesting that the empty adduct is unstable at 37ºC and gets denatured).
The fact that the passage through a G-25 column in a buffer at low nucleotide for assembly and as shown in Figure 1 , the formation of the adduct has no notable effect on the Mg 2+ -induced longitudinal tubulin-tubulin interactions responsible for the early aggregation events, thus indirectly suggesting that the assembly-promoting effect of zampanolide is exerted through the facilitation of lateral contacts. This would be in agreement with the idea that the zampanolide-adduct is a preorganized tubulin dimer that has its M-loop in the proper conformation for stable microtubule assembly, as suggested by the crystallographic data for the zampanolide-adduct 17 . In contrast, the M-loop of the unligated dimer is largely disorganized.
Thus, it is plausible that the first step in lateral aggregation during nucleation from the tetramer to the oligomer state of tubulin could be more straightforward for the adduct than for unligatedtubulin, consistent with the crystallographic results in ref 17 .
Zampanolide binds at the luminal taxoid site in the tubulin dimer, and when binding to microtubules, it is likely to first interact with the pore type I site 33 prior to translocation into the lumen. Binding at one site is considered to preclude binding at the other, since the stoichiometry of taxoid ligand binding to microtubules is 1:1, and an important β-tubulin loop (H6-H7) is part of both binding sites 34, 35 . Given that zampanolide interacts with tubulin covalently, we have been at Asn228 by zampanolide is too insignificant to cause the stoichiometric effect observed).
However, the superposition of apo-tubulin with epothilone A-bound and zampanolidebound T 2 R complexes 17 ( Figure 7) indicate that, although there are significant differences in the orientation of the His229 side chain, the interactions of nucleotides with Asn228 are not disrupted in the zampanolide-adduct.
Instead, the superposition in Figure 7 suggests an indirect, allosteric effect on the E-site caused by a global effect of an MSA on tubulin structure, in a similar way as suggested by 21 .
However, taking into account that the changes described by 21 in the straight conformation of assembled tubulin may not be relevant to the unassembled, curved tubulin, we also compared the restructuring. Given the fact that microtubule assembly fixes the exchangeable nucleotide in the binding site, which perturbs the taxane site, the assembly event may additionally contribute to the observed differences in binding affinity of MSAs for unassembled and assembled tubulin.
EXPERIMENTAL SECTION
Proteins and ligands: Purified calf-brain tubulin 40 , stabilized, crosslinked microtubules 34, 41 , and recombinant human protein containing a stathmin-like binding domain (RB3-SLD) 42 were prepared as previously described. The tubulin-zampanolide adduct was prepared by a 30 min incubation of tubulin with a 10% molar excess of zampanolide in the cold, and its formation was checked by mass spectrometry as described 10 .
Natural zampanolide was isolated and purified from the marine sponge Cacospongia mycofijiensis collected from 'Eua and Vava'u, Tonga as described 13 . Peloruside A was isolated and purified from the marine sponge Mycale hentscheli collected from Pelorus Sound, New
Zealand as described 43 . Synthetic zampanolide was prepared as described 14, 44 and was identical in all respects with the natural material. Aliquots of the compounds were dried to constant weight and dissolved in spectroscopic DMSO (Merck, Darmstadt, Germany). Spectroscopic analysis of the compounds was performed as described 10 . Docetaxel (Taxotere®) was kindly provided by Rhône Poulenc Rorer, Aventis (Schiltigheim, France). The colchicine analog 2-methoxy-5- free concentrations were calculated by correcting for the cation binding to phosphate, nucleotide and EDTA as described 45 .
Samples were incubated at 25°C for 30 min and centrifuged at 40,000 rpm using an
An50Ti eight-hole rotor with double-sector Epon-charcoal centrepieces in a Beckman Optima XLI analytical ultracentrifuge with absorption and interference optics. Differential sedimentation coefficient distributions c(s) were calculated by least-squares boundary modeling of the experimental data using the program SEDFIT 46 and corrected to water and 20°C.
Effect of zampanolide tubulin-adduct formation on MSA and colchicine binding sites:
The effect of adduct formation on the affinity of the laulimalide/peloruside site was measured using HPLC analysis by monitoring the binding of ligands to stabilized taxoid binding sites. The effect of adduct formation on the colchicine site was studied using MTC, a synthetic bicyclic derivative of colchicine that binds quickly and reversibly to the colchicine site on tubulin 48 , and upon binding emits fluorescence at 425 nm 49 . Tubulin was prepared in 10 mM NaPi, 0.1 mM GTP, pH 7.0 buffer as described above, and incubated with a 10% stoichiometric To measure the nucleotide in GAB buffer-assembled microtubules, tubulin and adduct prepared as described above was supplemented with 3.4 M glycerol, 1 mM EGTA, MgCl 2 up to 6 mM and no nucleotide or 1 mM GTP and assembled at 37°C for 30 min. The samples were then centrifuged at 50,000 rpm at 37°C for 20 min and the pellets washed in three volumes of 500 μL warm GAB buffer without GTP. The pellets were dissolved in 10 mM NaPi and the concentration of tubulin measured as above. Nucleotide was quantified as described 45 . Small aliquots of the assembly solutions were routinely adsorbed to carbon-coated Formvar films on 400-mesh cooper grids (for a time in minutes that was roughly equal to the reciprocal of the tubulin concentration in mg/mL), stained for 1 min with 2% uranyl acetate, and observed in a JEOL JEM-1230 electron microscope.
Nucleotide extraction and HPLC separation were then carried out on all the above samples to determine the concentration of each nucleotide, as described 50 , with modifications as described in 45 .
The binding constants of mant-GTP to the tubulin dimer and the adduct were measured employing an anisotropy fluorescence assay as described 51 . The anisotropy of a 2 µM solution of mant-GTP in 10 mM NaPi, 1.5 mM MgCl 2 pH 7.0 was measured as described 51 The values of the anisotropy measured were analyzed as described in 51 to calculate the binding constants of the fluorescent nucleotide to apo-tubulin and apo-tubulin-zampanolide.
Crystallization, data collection and structure determination: Crystals of T 2 R-TTL were grown as described by Prota et al. 17, 29 . Briefly, the T2R-TTL complex was crystallized by the vapor-diffusion method at 20°C. Crystals grew over night in precipitant solution consisting of 5% PEG 4K, 12-14% glycerol, 30 mM MgCl 2 , 30 mM CaCl 2 , 100 mM MES/Imidazole, pH 6.7.
T 2 R-TTL-MTC and T 2 R-TTL-MTC-zampanolide complexes were prepared by overnight soaking of crystals at 20°C in reservoir solutions containing either 1 mM MTC or a mixture of both 10 mM MTC and 5 mM zampanolide, 10% PEG 4K and 13-16% glycerol, followed by a consecutive transfer to reservoir solutions containing 15% (only T 2 R-TTL-MTC) and 20%
glycerol before flash-cooling in liquid nitrogen. Native data were collected at 100K at beamlines Table 1 .
Chains in the T 2 R-TTL complex were defined as follows: chain A, α1-tubulin; chain B, β1- 
